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Abstract
We describe an experiment to measure calibration sources, the polarization of
Cosmic Microwave Background Radiation (CMBR) and the polarization induced on
the CMBR from S-Z effects, using a polarimeter, MITOPol, that will be employed
at the MITO telescope.
Two modulation methods are presented and compared: an amplitude modulation
with a Fresnel double rhomb and a phase modulation with a modified Martin-
Puplett interferometer. A first light is presented from the campaign (summer 2003)
that has permitted to estimate the instrument spurious polarization using the second
modulation method.
Key words: Cosmology: Cosmic Microwave Background Polarization -
Instrumentation: Polarimeter, Interferometer, Modulation Systems.
1 Introduction
The Cosmic Microwave Background Polarization (CMBP) constitutes one of
the major tools of the modern cosmology [1,2]; its signal is supposed to be of
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the order of 10% or lower with respect to the CMBR anisotropies [3,4,5]. In
order to detect this faint signal, it is necessary to characterize the instrumental
spurious polarization. Once the instrument is characterized, it is necessary to
measure calibration sources like planets and HII regions, in order to create a
catalogue of polarized sources useful for all polarization experiments [6].
Moreover it is necessary to study the spectral polarization of the foregrounds
[7,8] measuring extensive sky regions at different frequencies.
During the last years some experiments have produced important results about
polarization of the CMBR; the WMAP satellite experiment, in its first year
data, has produced TE correlation spectrum at 22, 33, 41, 61 and 94 GHz,
and correlation maps for small and large angular scales [9]. DASI, experiment
located at South Pole has produced the TE and EE correlation in a range of
frequencies between 26-36 GHz at multipoles 140-900 [10,11].
The Polarimeter that we propose, MITOPol [12], intends to measure the po-
larization of the anisotropies of the cosmic microwave background, the polar-
ization induced on the CMBR from S-Z effect and it aims to create polarized
sourses maps in the range of frequencies between 120-360 GHz with a 5 ar-
cmin beam. In this frequencies range, the polarized foregrounds contribution
is minimal and, at the same time, the CMB signal is maximum.
2 Experimental setup
MITOPol experiment is composed by three parts[13,14]: a modulating system
to discriminate the polarized signal from unpolarized part; a modified Martin-
Puplett interferometer (MPI here after) [15,16], for spectral sampling in 4-12
cm−1, and a cryostat with a 3He cold stage where two bolometers are cooled
down to a temperature of 0.3 K.
MITOPol is a ground based experiment optically designed to be installed at
the focal plane of MITO (Millimeter and Infrared Testagrigia Observatory )
telescope [17] situated on the Plateau Rosa (AO) at 3480 m a.s.l.
The modulation of the polarized part of the signal can be realized by two differ-
ent methods: an amplitude modulation with the Fresnel Double Rhomb (FDR
here after) or a phase modulation inside the MPI. Two different modulating
methods have a different optical configuration: in the first optical configura-
tion the image of the primary mirror is formed on the Winston cone aperture;
therefore they perform an area selection of the observed portion of primary
mirror, and an angle selection of observed sky. In the second configuration the
image of the sky is focused on the Winston cone aperture, so it selects in area
the field of view and in angle the observed portion of secondary mirror.
Both configurations ensure a troughput of 0.055 cm2sr.
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Fig. 1. Schematic view of the Martin-Puplett interferometer.
3 Martin-Puplett interferometer
The MPI (Fig. 1) consists of a wire-grid, whose tungsten wires have a diame-
ter of 10 µm at the distance of 25 µm with each other, and of two roof mirrors.
The wire-grid is mounted so that the incoming radiation sees the wires under
an angle of 45o with respect to the interferometer optical axis. One of the two
roof mirrors is fixed, while the other is moved by a step motor; every step
is 10 µm and we can rich the maximum excursion of approximately 3.15 cm
allowing as a spectral resolution of 0.16 cm−1 [18]. The incoming polarized
radiation passes through the wire-grid, is splitted in its two orthogonal com-
ponents and after the roof-mirror reflection is phase-shifted to pi/2 so that the
transmitted radiation is now reflected and vice versa.
We can write the ideal Martin-Puplett interferometer Mueller matrix as fol-
lowing:
MMP =


1 0 0 0
0 cos(δ) 0 sin(δ)
0 0 −1 0
0 sin(δ) 0 − cos(δ)


(1)
where δ represents the roof mirror phase-shift.
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3.1 Cryostat
The MITOPol cryostat is composed by two tanks, one for nitrogen (2.5 l)
and one for the 4He (2.8 l), and a 3He fridge; the working temperature is
approximately 300 mK with a duration of cooling cycle of approximately 18
hours. Inside the cryostat, in thermal contact with cryogenic stages, a filter
chain is mounted as shown in Fig. 2. A wire-grid splits the light in two beams
Filters Cut− off/Cut− on(cm−1) Temperature(K)
Quartz Low-pass (100) 300
Quartz + black poly Low-pass (400) 77
Yoshinaga Low-pass (55) 1,6
Mesh Low-pass (14) 1,6
Yoshinaga Low-pass (50) 0,3
Mesh Low-pass (12) 0,3
Winston cone High-pass (4) 0,3
Table 1
MITOPol filters chain with the relative working temperatures. The final band is 4-12
cm−1.
Fig. 2. MITOPol filter chain.
collected by the f/3.5 Winston cones and absorved by two bolometers. The
presence of two channels, operating at the same frequencies, allows a more
efficient offset and noise removal. The incident signal on the detectors can be
represented in the following way:
I1,2 = I0 ± (Q ∗ f(w, δ, t) + U ∗ g(w, δ, t))∓ V sin δ (2)
where I0,Q,U ,V are the Stokes parameters, δ is the roof mirror phase-shift
and f ,g are two periodic functions that depend from the chosen modulation
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system.
Observing the difference of the two outputs, normalized for the sum, we can
detect the polarized signal embedded in the strong unpolarized one. The
bolometers used in this experiment are spider-web bolometers developed at
the University of Cardiff [19]. We use differential elettronic read-out in order
to reduce DC components, microphonic noise and correlation between chan-
nels; we use 2 JFET to common drain, mounted on the 4He stage heated at a
temperature of 120 K. Experimentally a value of ∼ 3nV/√Hz has been mea-
sured, optimal for the high sensibility demanded. The incident background (in
the best atmospheric conditions) on the bolometers is of 500 pW, consider-
ing all the transmission curves of the filters; therefore the bolometer thermal
conductivity has been chosen of the order of 10−9W/K.
4 Modulation System
The modulating element is fundamental in an experiment that aims to mea-
sure the polarized part of a signal, in fact it can alter the stage of the polarized
signal, while leaving the unpolarized unaltered allowing to separate the polar-
ized light from the unpolarized part of it.
In the following we will consider two possible modulation systems.
4.1 The Fresnel Double Rhomb
Fig. 3. Simulation of FDR
FDR is an optical element obtained by single polyethylene HDPE (High Den-
sity Poly-Ethylene) block constituted by two rhomboidal base prisms with an
angle of 106o.6 between them. This object is based on the internal total re-
flection. The internal walls of the FDR are tilted to 53o.3 with respect to the
optic axis of the system, therefore the incident light on them will be totally
reflected since the critical angle of total internal reflection for the passage from
polyethylene to air is 41o.14. The radiation inside the FDR undergoes four
reflection on its walls. Using the Fresnel’s equations, it is possible to calculate,
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in case of total internal reflection, the phase-shift induced by a single reflection
in this dielectric 2 :
δ = φs − φp = 2 arctan
cosϑ1
√
sin2 ϑ1 − (1/n)2
sin2 ϑ1
(3)
where n is the HDPE refraction index.
From this equation, in order to obtain a phase-shift of pi/4 we obtain two
angles:
ϑ1 = 47
o.58 (4)
ϑ
′
1 = 55
o.37 (5)
The FDR input (spherical shape with a curvature radius of 69 mm) is placed
in the MITO f/4 focal plane [17] (the output has the same shape for simmetry)
so inside the FDR the beam is f/8.8. Using ray-tracing simulations we have
obtained a distribution of phases-shifts centered around the value pi/4 for an
angle of 53o.3.
To modulate the polarization, we rotate the FDR at a set frequency (ω).
Using Stokes formalism, the ideal FDR Mueller Matrix becomes:
MDR =


1 0 0 0
0 cos 4ωt sin 4ωt 0
0 sin 4ωt − cos 4ωt 0
0 0 0 −1


(6)
Therefore Q parameter is modulated with a frequency 4 times the mechanical
one, since bolometers are only sensitive to the intensity of the light, we add a
wire-grid at the output of the FDR to analyze the polarization of radiation;
on the contrary the unpolarized radiation passes through unchanged.
The advantages of the FDR with respect to the other modulation techniques
are multiple: first of all the total reflection is not dispersive, so has a wide
spectrum application; the total internal reflection does not attenuate the signal
but it produces a phase-shift in the 4 reflections. Finally the polarization is
modulated at a double frequency compared to the mechanic one allowing an
efficient removal of microphonic noise connected to the measures.
2 The equations are obtained assuming that the optical properties of two medium
are determined from real refractive indices and that the materials are homogenous as
in the separation surface as to the inside, therefore to avoid losses due to scattering.
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4.1.1 Efficiency tests
Efficiency tests have been performed illuminating the FDR with a polarized
radiation and detecting it as it gets modified by th FDR itself. The tests are
realized by using a Hg lamp as a source. The lamp emits in all the electromag-
netic spectral range and in the millimetric its emission is similar to a black
body at a temperature between 3000 K and 3500 K. Moreover a Lamellar
Grating interferometer [18] has been used to measure the spectral behaviour
of the FDR.
Several interferograms have been realized with 256 mechanical steps of 80 µm
each one. The frequency band-width can be investigated in a range between
3-31.25 cm−1.
A lab. cryostat has been used for laboratory tests using a bolometer working
at 1.6 K temperature.
We set the outgoing beam from the Lamellar Grating as an f/4, since it must
reproduce as faithfully as possible the working conditions of the instrument.
In order to study its polarization efficiency, we have used two wire-grids: the
first one located in front of FDR and the second one behind it. In this situ-
ation the radiation that enters into the FDR is completely polarized in the
orthogonal direction respect to the wires of the wire-grid; into the FDR the
radiation is phase-shifted, and then the second wire-grid allows to analyze the
modulated contribution of polarization. If the FDR rotates at a frequency
about 2 mHz, a modulation is observed at a frequency 4 times the mechanical
one. Ideally, if we perform two different measurements one with parallel wire-
grids and the second one with orthogonal wire-grids with each other, we should
Fig. 4. Slow modulation data from measurements with two different setup: in the
first (top-left panel) a fluorogold filter (with a cut-off about 30 cm−1) is used. In the
second (bottom-left) we reduced the band by means of a low-pass Mesh filter with
cut-off to 10 cm−1 in series with the fluorogold filter. In each of these plots, two
curves are presented, one with parallel wire-grids and a second one with wire-grids
orthogonal with each other. The right diagram represents the ratio of the two spec-
tra measured at two maximum positions in the slow modulation configuration with
parallel and orthogonal wire-grids using only the fluorogold filter. The efficiency in
our band is 19 ± 5%.
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observe the same amplitude in both signals with a phase-shift of pi/2. Then
we made two interferograms stopping the FDR in two positions correspond-
ing to the maximum of modulation in the parallel and orthogonal wire-grids
setups. The expected result is a constant spectrum with unity value. Fig. ??
evidences a loss of efficiency in the centre of our band-width; this corresponds
to an efficiency of phase-difference in the band 4-12 cm−1 of 19± 5%.
To explain this inefficiencies different motivations have been proposed and in-
vestigated: diffractional effects could change the beam f/#. Gaussian Optic
simulation have been shown that inside the FDR the effect is negligible. In
any case we would expect a global decrease of the efficiency at low frequencies
which is not observed in our data.
The possibility for a radiation beam to go through the structure housing the
FDR without entering the FDR itself has been ruled out by several mea-
suraments without the external structure and shielding with aluminium and
Eccosorb all the possible leaks.
Tests have also been performed using a more collimated beam with respect
to the f/# that the FDR would see at the telescopes focal plane showing the
same results as in previous case.
The possibility that the polyethylene (the one we have used) has a varying
refraction index with the frequency has been investigated by measuring it in
the already cited frequency bands. We have used, as source, Eccosorb at 77 K
and 300 K modulated at a frequency of 12 Hz and as interferometer theMPI.
This measurement has been performed by placing a polyethylene sample in
one of the arms ofMPI and measuring the distance between the zero path dif-
ference position obtained with and without the sample itself. This has allowed
to measure the optical path delay introduced by polyethylene and, known the
sample thickness, one can derive the refraction index.
The difference is equal to:
∆ZPDOpt = d(n− 1) (7)
Where ∆ZPDOpt is the optical shift, d is the polyethylene sample thickness and
n is the polyethylene refraction index.
This measurement realized using band-pass filters inside our spectral range,
has confirmed refraction index value reported in lecterature. The integrated
value inside the band is:
n = 1.5276± 0.0066 (8)
A further possibility is that our FDR could be affected by optical activity
since, at manufacturing stage, it has undergone stresses and thermal shocks
[20,21]. The optical activity produces, in analogy to the birifrangent materi-
als, an induced polarization [22]. It depends by the molecule simmetry that
constitutes the substance and by the degree of disorder that is inside the lat-
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Fig. 5. Slow modulation with the same setup of Fig. 4 using the Mesh filter with cut
at 10 cm−1 and the fluorogold filter in series: the improvement is evident.
Fig. 6. Spectrum obtained with the same setup of Fig. 4: the loss of efficiency towards
greater frequencies. In this case the phase-shift efficiency is increased to 86± 8%.
tice. All the molecules of organic nature or synthetize by living organism, are
optical active. The structure of the polyethylene is constituted with a car-
bon chain where every atom is tied to two hydrogen atoms; if the chain is
linear it is defined high density polyethylene (HDPE). These chains can be
very long assuming macroscopic dimension and therefore comparable with the
wavelengths that we investigate. As a result, we could see anisotropies and
spurious polarization effects varying with the frequency. This effect has been
tested by heating the FDR at temperatures just below the HDPE melting
point (137 C) in order to let the internal structure relax and acquire again the
isotropic structure needed for an optical element to be used in polarization
measurements. The FDR has been gradually heated and finally left at 135 C
for 48 hours and at 137 C for 12 hours.
After these thermal cycles we have repeated the same measurements in order
to compare the results which are shown in Fig. 5 and Fig. 6.
The FDR efficiency is considerably increased (86± 8%).
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4.2 Phase modulation with Martin-Puplett interferometer
UsingMPI is an alternative method to modulate the polarization, both as an
interferometer and as a phase modulator [23,24]. The basic idea is to wobble
one of the two roof mirrors along the optical axis. In order to write the MPI
Mueller matrix one needs to consider eq. 1 and to substitute δ → δ′ = δ− δm,
where δ = 2pi∆xopt/λ and δm = 2pif(ω, t)/λ.
The optical path difference δ
′
represents the modulation term. The function
f(ω,t) represents the roof mirror wave form. The new Martin-Puplett Mueller
matrix becomes:
MNewMP =


1 0 0 0
0 cos(δ
′
) 0 sin(δ
′
)
0 0 −1 0
0 sin(δ
′
) 0 − cos(δ′)


(9)
From eq. 9 we can note that the polarizated radiation is modulated while the
unpolarized radiation remains unchanged; however the polarization plane is
not rotated. The effect of the modulation is independent from the choice of
the oscillating roof mirror; the practical solution that we adopted has been of
oscillating the roof mirror each step.
Using a lock-in amplifier, the output is proportional to the interferogram
derivative. The smaller is the amplitude the more the signal approximates
to punctual derivative but with a decreasing intensity. Nevertheless one needs
to consider that the radiation wavelength is in the range between 850 µm and
2.5 mm so, in order to be efficiently modulated, it is not possible to choose
an amplitude modulation much smaller than the wavelength of interest. On
the other side, important spectral information can be lost if we modulate with
an amplitude higher than the step; as a matter of fact using a great ampli-
tude could be possible to modulate among two points with similar intensity,
smoothing therefore the interferogram. An optimal choice for the amplitude
modulation is to set it equal to the modulation step.
The relation that links Fourier transform of interferogram to its derivative is:
FT [f
′
(x)](k) = Co · |2J1(2pikA/2)| · FT [f(x)](k) (10)
where in the case of phase-modulation Co is the term of Fourier series, A is
the modulation amplitude and J1 is the Bessel first kind and order 1 function.
From eq. 10 we note that the result is always lower than 1, compared with
“classical” modulation; then, to maximize the signal, it is worth to choose the
Fig. 7. Simulated signal obtained with phase modulation .
wave form in order to have the maximum Co. The wave square modulation is
the best with Csquare = 4/pi.
One of the classical spectroscopy problems, particularly at high resolution,
is the difficult to recognize between small variations due to the source and
variations due to other factors; in fact a small variation on the interferogram,
due for example to atmospheric fluctuations, affects heavily the spectrum, and
produces signal variations that may be confused with emission or absorption
lines [25].
Using the phase modulation this problem has been solved; in this case, the
baseline of the interferogram is about zero, see Fig. 7; instead the baseline
of the classical modulation is I(0)/2 [26]; and so any signal originated by a
fluctuation (instantaneous) is near to the zero level of the interferogram and
does not affect the spectrum.
Another advantage of phase modulation, is observation time; in fact with phase
modulation we observe constantly the source. Moreover [23,27], the signal to
noise ratio is (S/N)PM
(S/N)AM
= 4 | J1(2piν A2 ) |, and so when the Bessel function is
greater than 0.25 the signal to noise ratio, in the phase modulation (PM),
is greater than the amplitude modulation (AM) [28]. The spectrum obtained
with the phase modulation is divided by Bessel function (first kind and order
1) thus, when this function is equal to zero, we have a loss of informations.
While the amplitude modulation is small there are no problems; when the
amplitude modulation is high, this zero value could be on the frequency range
that we are studying. The loss of information, choosing amplitude modulation
equal to the interferogram step, is out of our range.
4.2.1 Measurement
We have mounted this experiment at focal plane of MITO telescope [29],
we have obtained spectra on atmospherics emission in the range 4-12 cm−1,
placing the wire-grid in front of the interferometer polarizing all the incident
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radiation.
In Fig. 8 we have reported the interferograms operating on the atmosphere
emission, obtained with an elevation equal to 60o with step and amplitude
modulation equal to 100 µm. From these interferograms we have obtained the
Fig. 8. Interferogram obtained at 60o of elevation (the two signals are overlapped);
we note the good correlation between the two channels.
spectrum, shown in Fig. 9 and we have compared it with simulated emission
with ATM program [30,31,32,33]. We have performed polarimetric measure-
Fig. 9. Atmospheric emission at MITO (subracted by a Black Body source at 77K
as reference source), measured with two channel of the polarimeter. The outlined
line is an atmospheric emission simulated with pwc 2.3 mm. It is clear the loss of
spectral resolution at frequencies corresponding to H2O and O2 emission
ments removing the wire-grid in front of Martin-Puplett interferometer; any
excess of polarization obtained from this interferograms is an indicator of the
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spurious polarization of the instrument, see Fig. 10, considering that the at-
mosphere emission at this wavelength is not expected to be polarized [7]. From
Fig. 10. Instrumental spurious polarization in one direction (Telescope + Polarime-
ter).
the Fig. 10 we obtain a value of the spurious polarization in one direction lower
than 1%.
5 Conclusions
In this paper we have presented two polarization modulation methods. The
first method have evidenced that the optical activity of the polyethylene re-
alized by a not homogeneous block can alter the entering polarization; on the
other side this amplitude modulation method is independent by the wave-
length of the radiation.
The phase modulation gains observation time and does not present a decrease
by transmission. However the polarization plane is not rotate so we have to
insert a optic element that produces a polarization rotation after the interfer-
ometer.
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Appendix
An introduction to the Stokes parameters
A plane electromagnetic wave with its Poynting vector directed along the z
axis can be decomposed into its two components in the x and y direction:
Ex(z, t) and Ey(z, t). If any correl ation between two vectors exists, the plane
wave will be defined polarized.
In order to obtain observable quantities, we always have to consider the tempo-
ral average of the polarization ellipse. However the temporal process of average
can be avoided representing the real optical amplitudes in terms of complex
amplitudes:
I =ExE
∗
x + EyE
∗
y
Q=ExE
∗
x − EyE∗y
U =ExE
∗
y + EyE
∗
x (11)
V =ExE
∗
y − EyE∗x
These quantities are called Stokes parameters; Q and U depend, for con-
struction, on the chosen coordinates system.
I represents the intensity of the e-m wave considered.
Q represents the contribution of the linear polarization horizontal and verti-
cal.
U describes the contribution of linear polarization at an angle of ±45.
V describes the contribution of circular polarization towards right and left.
The Stokes parameters are real quantities, they are observable and the follow-
ing expression is always true:
I2 ≥ Q2 + U2 + V 2 (12)
where the equal is used for fully polarized light. It is possible to define a Stokes
vector whose 4 parameters are the elements of a column vector.
S =


I
Q
U
V


(13)
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The Stokes parameters describe the wave polarization degree; this can be
evidenced defining the quantity:
P ≡ Ipol
I
=
√
Q2 + U2 + V 2
I
, 0 ≤ P ≤ 1 (14)
When a beam crosses an element that can change its polarization state, the
elements of the Stokes vector will vary depending on the particular considered
element.
We consider an incoming beam defined by whichever Stokes vector; the outgo-
ing beam from the element will be characterized by a vector S
′
i = (I
′
, Q
′
, U
′
, V
′
)
where
I
′
=m00I +m01Q +m02U +m03V
Q
′
=m10I +m11Q +m12U +m13V
U
′
=m20I +m21Q +m22U +m23V (15)
V
′
=m30I +m31Q +m32U +m33V
therefore the following equation can be written:
S
′
=M · S (16)
M is the Mueller matrix of the optical element. The electric field vector of a
e-m wave can be changed in its amplitude,phase or direction and this change
is described by the matrix M.
The terms in a Mueller matrix have different meanings: the terms found in the
trace define the transmission and the depolarization of the element. The terms
m01, m02, m03, m10, m20, m30 contain the contribution of spurius polarization of
the element. The remaining terms contain the passage of the light from Q to
U or V polarization.
On the contrary the inverse is not valid, as it is not possible to identify a
coefficient by a single effect [34,35].
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Filters Cut− off/Cut− on(cm−1) Temperature(K)
Quartz Low-pass (100) 300
Quartz + black poly Low-pass (400) 77
Yoshinaga Low-pass (55) 1,6
Mesh Low-pass (14) 1,6
Yoshinaga Low-pass (50) 0,3
Mesh Low-pass (12) 0,3
Winston cone High-pass (4) 0,3
Table 1: MITOPol filters chain with the relative working temperatures. The
final band is 4-12 cm−1.
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